Purpose-To analyze the morphology of corneal epithelial cells and keratocytes by in vivo confocal microscopy (IVCM) in patients with herpes simplex keratitis (HSK) as associated with corneal innervation.
INTRODUCTION
Herpes simplex virus (HSV) is the most common infectious cause of unilateral blindness in the developed world. [1] [2] [3] The incidence of new cases of HSV keratitis (HSK) is estimated to be around 20,000 cases per year and the total number of cases per year is estimated to be around 48,000 in the United States with a prevalence of 400,000. [4] [5] [6] Cytopathic effects of HSV are usually followed by an inflammatory response, which can seriously damage all corneal layers. 7 The spectrum of ocular disease caused by the HSV is broad and underscored by a latent presence of the virus in the ganglionic neurons or the cornea. 8, 9 The large majority of HSK seen in clinical practice is due to recurrences caused by shedding of reactivated virus. 9, 10 HSK typically presents as epithelial keratitis, necrotizing stromal and immune keratitis, endotheliitis, or neurotrophic keratopathy (NTK). 11, 12 NTK may be manifested clinically by persistent corneal epithelial defects, decreased visual acuity, stromal opacification, corneal neovascularization, and stromal melts. NTK is thought to result from loss of corneal sensation due to denervation, damaged epithelial basement membrane, stromal inflammation, and toxicity from topical medication.
Until recently, slit-lamp examination has been the gold standard for detecting epithelial defects, stromal edema and infiltration, keratic precipitates, and iritis due to HSV. Recently, in vivo confocal microscopy (IVCM) has become an increasingly popular non-invasive device to image the cornea at the cellular and microstructural level in healthy as well as diseased corneas. [13] [14] [15] [16] [17] [18] Several studies have demonstrated the feasibility of this technology and have analyzed the corneal epithelium in ocular rosacea, 19 Sjogren's syndrome, 19, 20 meibomian gland dysfunction, 19 dry eye, 21, 22 Stevens-Johnson syndrome, 23 and keratitis. 15, 18, 24, 25 More recently, our group has demonstrated that patients with unilateral HSK demonstrated bilateral subbasal corneal nerve alteration by IVCM. 17 Further, the subbasal corneal nerve changes correlated strongly with loss of corneal sensation in the affected eyes of these patients. However, the consequences of altered sensory nerve function on other corneal layers remain unknown. Given the fact that regulation of epithelial cells by nerves has previously been shown in animal models, 26, 27 in the current study, we aimed to study how corneal nerve and sensation loss in patients with HSK affect the corneal epithelium and stroma in these patients. We hypothesized that corneal nerve loss would lead to loss of epithelial cells and keratocytes in patients with HSK. The morphology and density of corneal epithelial cells and keratocytes was thus analyzed by IVCM in patients with HSK and was correlated to corneal innervation in this group.
PATIENTS AND METHODS
Our institutional review board/ethics committee approved this prospective, cross-sectional study, which was conducted in a controlled, single-masked fashion. Written informed consent was obtained form all subjects after a detailed explanation of the nature of the study. This study was Health Insurance Portability and Accountability Act (HIPAA) compliant and adhered to the tenets of the Declaration of Helsinki. Subjects with a history of ocular trauma, ocular surgery, contact lens use, or diabetes were excluded from the study. All patients and normal subjects were examined by slit-lamp biomicroscopy. The diagnosis of HSK was made according to epithelial dendritic lesions characteristic of epithelial HSV keratitis. All patients had epithelial herpetic keratitis with no stromal involvement. All patients have had epithelial herpetic keratitis with no stromal involvement. Seven patients had acute HSK (herpetic epithelial infection within the last 10 weeks), and 24 had chronic HSK (infection has occurred in a period longer than 10 weeks). The chronic HSK group included patients that were followed after one or more acute episodes of epithelial HSV keratitis. Patients were also divided according to the clinical location of the herpetic lesion, in central (n=20) and peripheral (n=11) herpetic keratitis.
Prior to recruitment into the study, all patients underwent a baseline complete ophthalmologic examination including visual acuity measurement, anterior segment evaluation with a slit-lamp biomicroscope, fundus examination, and IOP measurement by non-contact applanation tonometry. Central corneal sensation was measured bilaterally with a Cochet-Bonnet esthesiometer (Luneau Ophthalmologie, Chartres, France). The esthesiometer was always used in the unaffected eye first. This test mechanically stimulates corneal nerves by pressing a retractable 6-cm length monofilament nylon thread of 0.12-mm diameter against the anterior corneal surface, shortening in steps of 1.0 cm if a positive response is not obtained. If a positive response is obtained, the thread is advanced by 0.5 cm. The longest filament length resulting in a positive response was considered the corneal sensitivity threshold, which was verified twice.
A total of 31 eyes of 28 patients with a diagnosis of HSK (3 bilateral), as well as the contralateral, clinically unaffected eyes, were included in this study. Fifteen eyes of 10 normal volunteers comprised the control group. HSV keratitis patients were grouped into normal (>5.5 cm), mild (>2.5-□5.5 cm), and severe (<2.5 cm) loss of corneal sensation, according to the corneal sensitivity threshold measurements, and results were correlated to confocal microscopical findings. Further, patients were divided according to the clinical location of the herpetic lesion, in central and peripheral herpetic keratitis. No fluorescein was used prior to IVCM during the visit. All subjects underwent bilateral examination of the central cornea with a slit-scanning confocal microscope (Confoscan 4; Nidek Technologies, Gamagori, Japan). All patients were given a code at the time of scanning (a combination of numbers/letters), which was used on the Confoscan instead of their names. The key to patient identity/diagnosis was saved in a separate file. Thus, during image selection, the observers (P.H. and M.H.D.) were masked to patient name, diagnosis and severity at the time of image selection. The microscope was equipped with a 40x/0.75 Zeiss Acroplan numerical aperture immersion objective lens. After topical 0.5% proparacaine eyedrop (Alcaine; Alcon, Fort Worth, TX) was installed in both eyes, a drop of 0.3% hypromellose (GenTeal gel; Novartis, East Hanover, NJ) was applied to the objective lens as an optical coupling medium. The lens was then manually advanced until the gel contacted the central surface of the cornea. Full-thickness confocal scans were acquired at a speed of 25 frames per second, obtaining 350 images per scan every 7 μm. A second scan was obtained for the anterior cornea, obtaining sections every 3 μm. Each image represented a coronal section of 460□× 345 μm, with a minimum axial step of 1 μm, magnification of X500, and lateral resolution of 1 μm/pixel. A total of 4 to 8 scans were obtained for each cornea by the same experienced operator (PH) in all subjects, depending on full-thickness or anterior scan mode.
Three representative images per layer were selected for analysis for each eye and averaged. Layers included in the analysis were superficial epithelial layer, basal epithelial layer, subbasal corneal nerves, anterior stromal keratocytes, and posterior stromal keratocytes. Two masked observers evaluated the confocal images in regards to morphology and density for each layer. Cell counts were performed manually by Confoscan 4 NAVIS analysis software. This was achieved by marking each clearly defined cell or nucleus in a predefined rectangular frame using the full frame size on the computer screen. All counts were performed independently by two masked experienced examiners to determine superficial and basal epithelial cell density, as well as anterior and posterior keratocyte density. Superficial epithelial cells become highly reflective before desquamation. 28 To assess epithelial damage, percentage of highly-reflective superficial epithelial cells was calculated by dividing highly-reflective cells per frame by total number of superficial epithelial cells per frame and multiplying by 100. For epithelial cell size, operators defined the borders of superficial epithelial cells, with Confoscan Software NAVIS calculating epithelial cell area. The areas superficial epithelial cells were averaged per frame. Cellular changes of the epithelium and stroma were correlated to corneal sensation, number of nerves, and total length of nerves/image as described before. 29 Briefly, nerve density was assessed by measuring the total length of the nerve fibers in micrometers per frame (158,700 μm 2 ). Main nerve trunks were defined as the total number of main nerves in 1 image. Nerve branching was defined as the total number of nerve branches in 1 image. The number of total nerves measured was defined as the number of all nerves, including main nerve trunks and branches, per image. Statistical analysis was performed by Student's T-test, analysis of variance (ANOVA), and Pearson correlation coefficient. P-values less than 0.05 were considered statistically significant. Analyses were performed with SAS software version 9.2 (SAS Institute Inc., Cary, NC).
RESULTS
Thirty-one eyes of 28 patients with HSK and 25 contralateral unaffected eyes were included for analysis in the study and were compared with 15 eyes of 15 normal volunteers. Three patients (10.7%) in the study group had bilateral clinical HSV keratitis. Patient characteristics of the HSK and control groups are shown in Table 1 . In order to correlate corneal sensation to IVCM findings, all eyes with HSK were subcategorized into 3 groups based on central corneal sensation, and into central (20 eyes) and peripheral (11 eyes) location of the herpetic lesion. Eyes were classified as normal sensation, mild sensation loss, and severe sensation loss as described in the methods section. The correlation of corneal sensation loss to IVCM parameters of superficial epithelium, basal epithelium, anterior and posterior keratocytes for all groups is presented in Table 2 . Representative IVCM images for all layers analyzed for patients with HSK and controls are shown in Figure 1 .
There was a significant and gradual decrease in the density of superficial epithelial cells in HSK eyes, with 1628.33 ± 348.12 cells/mm 2 in HSK eyes with normal sensation, 1382.5 ± 73.55 cells/mm 2 in HSK eyes with mild sensation loss, and 852.50±24.4 cells/mm 2 in eyes with severe sensation loss as compared to 2435.23 ± 224.3 cells/mm 2 in control eyes (p = 0.008) (Fig 2A) . The changes in superficial epithelial cell density were not statistically significant, between the other normal and mild sensation loss HSK groups and controls, or between contralateral eyes and controls. Stratification of HSK patients based on central versus peripheral location of HSK lesions, demonstrated no statistically significant changes in the affected or contralateral eyes, for all parameters. There was a gradual increase in superficial epithelial cell size with loss of corneal sensation in HSK eyes. Superficial epithelial cell size was 2.5-fold larger in HSK eyes with severe loss of sensation (835.3 ± 50.30 μm 2 ;) as compared to contralateral or normal eyes (407.4 ± 47.2 μm 2 ; P = 0.003) (Fig. 1B) . The IVCM scans in mild and severe sensation loss revealed a significant increase in mean superficial epithelial cell size (p=0.046, p=0.001 respectively), as compared with the normal control group, while HSK with normal sensation did not demonstrate statistically significant changes from normal controls. (p=0.3)
There were several other gradual morphological changes noted in superficial epithelial cells in patients with HSK with loss of corneal sensation. While there was minimal reflectivity of cell nucleoli in controls or contralateral eyes, eyes with HSK consistently demonstrated increased reflectivity of superficial epithelial cell nucleoli. In addition, patients with mild sensation loss and particularly patients with severe sensation loss demonstrated a hyporeflective ring around the hyperreflective cell nucleoli. Moreover, HSK eyes with normal sensation demonstrated bright cell borders and increased cell hyperreflectivity, which was more pronounced in patients with mild and severe loss of sensation. A significant number of hyperreflective desquamating superficial epithelial cells were present in HSK eyes with normal sensation (6.4% ± 16.23%, p=0.09), mild (29.1% ± 12.33%, p=0.002) and severe (52.2% ± 13.78%, p=0.0003) loss of sensation, but were absent in controls or contralateral eyes (Fig. 3) . Although a decreased density in basal epithelial cells and anterior keratocytes was noted, the density of basal epithelial cells, anterior keratocytes, and posterior keratocytes did not show statistical significance between patients, contralateral eyes and controls, despite the demonstration of a bilateral loss of subbasal nerve plexus as we have described previously. 15 When we compared the clinical location of the herpetic lesion analyzing epithelial cell and keratocytes alterations between the central and peripheral herpetic lesions, no statistical difference was observed in the patients. Finally, in order to confirm the appropriate sample size or our study, we performed power calculations, which demonstrated a power of >91% for all statistically significant variables of the superficial epithelium.
DISCUSSION
The corneal epithelium serves as a barrier and helps maintain the corneal transparency. Any damage to corneal epithelium caused by physical or microbial, including viral insults, results in stromal swelling, the activation of stromal fibroblasts, and inflammatory cell infiltration, leading to the loss of corneal transparency. 30 The assessment of corneal epithelial cell health, has until recently, only been possible by slit-lamp biomicroscopy. The use of IVCM now sheds light to our understanding of corneal physiology and homeostasis, 15 and allows systematic studies of corneal epithelial cell morphologic features and density in normal subjects and in patients. This methodology is non-invasive, precise, reproducible, rapid, and has a relatively low inter-observer variability, as compared to slit-lamp examination.
The current IVCM study is to the best of our knowledge, the first study analyzing corneal epithelial cell morphology and density in patients with HSK, correlating IVCM findings to corneal sensation and clinical history of HSK. We found that changes in superficial epithelial cell density and morphology correlated strongly with corneal sensation. This finding also supports our hypothesis that impaired neural integrity leads to epithelial morphological changes. Previously, Rosenberg et al. 25 reported pathological corneal changes by IVCM in 16 HSV keratitis patients. Although they did not find any changes in subbasal nerve plexus, they showed that epithelial cells were enlarged, although the results where not quantified. In a more recent study by Alomar et al. 13 , the authors performed histopathological correlation with IVCM findings in corneal intraepithelial neoplasia patients. They concluded that prominent large nuclei and size changes in epithelial cells have been seen in conditions such as rapid cellular turnover and regenerative atypia as during wound healing. Further, in a study by Benitez del Castillo et al. 31 it was shown that density of superficial epithelial cells as well as subbasal nerve plexus decreased significantly in dry eye patients. In yet another study, IVCM showed hyperreflectivity of the nucleus and a decrease in the nucleocytoplasmic ratio in the superficial epithelial cells in StevensJohnson syndrome. 23 They attributed these changes to dry eye and subbasal nerve loss. More recently, Roszkowska et al. 32 showed severe superficial epithelial changes by IVCM in Salzmann nodular degeneration of the cornea by IVCM. They observed enlarged squamous cells with prominent nuclei and bright margins in the superficial layer of the central corneal epithelium. In dry eye patients, it has been shown that the mean superficial and intermediate epithelial cell densities were significantly lower than in normal subjects, while no changes in basal epithelial cell density had been noted. 22 These findings had been speculated to be due to decreased subbasal nerve density, a common finding in dry eye patients. Similarly, Harrison and co-workers 33 demonstrated no changes in the basal epithelial cell density in a heterogeneous set of corneal diseases. Further, in a study performed on Sjogren's syndrome patients, Villani and co-workers 20 showed a significant decrease in superficial epithelial cell density. Moreover, Hovakimyan et al. 34 demonstrated hyperreflectivity of superficial epithelial cells two weeks after collagen cross-linking. Finally, hyperreflective corneal epithelial cells were also found in pterygium cases. 35 The limits between the pterygium and the adjacent cornea were irregular with infiltration of hyperreflective cells within the cornea. Fuchs patches were observed as islets of hyperreflective polygonal cells in front of the pterygium head with blurred limits. Given the strong correlation of superficial epithelial cell parameters with corneal sensation and innervation, our findings are suggestive that not only loss of sensation, but also changes in the superficial epithelium, may be a direct result of the diminished subbasal nerve plexus in HSK patients. Because neurotrophic keratopathy initially lacks signs and symptoms, and may progress to corneal perforation, quantification of epithelial cell density and morphology by IVCM can be a valuable tool for monitoring patients with HSK or any other patient populations with epithelial disease, potentially predicting the risk for neurotrophic keratopathy or clinically apparent epithelial disease.
In the current study, we also compared diseased eyes with unaffected contralateral eyes and normal controls. While we have recently shown that the subbasal corneal nerve plexus is affected bilaterally in apparently unilateral HSK, 15 the current study demonstrates that the contralateral epithelium is not affected. While superficial epithelial cell morphology and density in HSK eyes was significantly altered with decreased cell density, increased cell size and increase in hyperreflectivity, these changes were not present in contralateral eyes of these patients. These data are consistent with the findings of normal corneal sensation in the contralateral eyes, despite reduced nerve density. 15 We had demonstrated that corneal nerve density higher than 1064 μm/frame is sufficient for a patient to have near normal sensation. Thus, it seems that this nerve density is sufficient to maintain epithelial integrity as well. These findings also explain why the previous study by Rosenberg et al. 25 did not find a difference in subbasal nerve and epithelial changes between the affected and unaffected contralateral eyes.
A limitation of our study is that we were only able to evaluate the central corneal epithelium and that the findings cannot necessarily be extrapolated to the peripheral cornea. In addition, the Cochet-Bonnet esthesiometer only measures mechanical nociceptors. 36 Third, there are also thermal receptors in the cornea, which we cannot measure with the Cochet-Bonnet esthesiometer, which has a limited scale. 37 Gallar et al. 37 elegantly demonstrated that HSV keratitis disrupts mechanical nociceptors as well as heat and cold thermoreceptors.
Sensory nerves play an important role in maintenance of corneal epithelial integrity. 38 It is known that neuropeptides influence corneal cell proliferation in vitro 26 and corneal epithelial cell mitosis has been shown to be altered in denervated rats. 39 Partial or complete loss of corneal sensation or denervation, leads to impaired corneal epithelial homeostasis due to the lack of these neuropeptides, including substance P, nerve growth factor (NGF), vasoactive intestinal peptide, and glucagon like peptides. 27, 38, [40] [41] [42] [43] Epithelial homeostasis is physiologically controlled by a tight regulation of apoptosis and proliferation, the balance between which is perturbed in NTK. In addition, it has recently been shown that denervation has a deleterious effect on the apoptosis of corneal epithelial cells, 44 and induces a reduction of epithelial cell mitosis. 39 Further, it was reported that two salient corneal epithelial functions (permeability and wound healing) are significantly altered by sensory denervation. 38 After sensory denervation, an inflammatory response ensues due to loss of epithelial homeostasis. 38, 45 Superficial epithelial cells start losing their tight junctions and attach weakly to each other. 46 The inflammation enriched with proinflammatory cytokines, such as interleukin (IL)-1 and IL-6, leads to the activation of keratocytes, which synthesize NGF and other nerve growth factors. 47 These activated keratocytes then stimulate epithelial cells to migrate and proliferate, leading to changes in their shape and size due to modifications in actin cytoskeleton. 38, 45, [48] [49] [50] Thus, it is conceivable that enlarged superficial epithelial cells as seen by IVCM could be representative of cells in a particular state of metabolic activation induced by proinflammatory cytokines or as a result of apoptosis of neighboring cells. Moreover, the reduced number of superficial epithelial cells and the increased hyperreflectivity may be due to extensive apoptotic response widely seen in denervated corneas. 44 On the other hand, a proliferative response is triggered to balance apoptosis in denervated corneas. This response may explain why we did not see a decrease in the basal epithelial layer. It is thus likely that decreased neural innervation in cornea may lead to changes in neuropeptide levels, resulting in epithelial cell changes detected by IVCM in our HSK patients.
In conclusion, IVCM enables a direct and reproducible comparison between epithelial cell morphology and corneal sensation. The detection of subclinical epithelial cell changes could provide an objective quantitative evaluation of epithelial cell health, before clinical findings present. Given that new treatment options are being investigated for NTK, IVCM may allow objective evaluation of treatment response through quantification of cellular changes in the cornea. Superficial epithelial cell density (A) and superficial epithelial cell size (B) in herpes simplex keratitis (HSK) according to corneal sensation loss classification. Error bars represents standard error from the mean. *p<0.05 compared to control group. Statistical analysis by ANOVA: (analysis of variance between groups). As the corneal sensation decreases in patients with HSK, the superficial epithelial cell density decreases and superficial epithelial cell size increases significantly. NL:Normal, Sens:Sensation, Sev:Severe. Hyperreflective desquamating superficial epithelial cells in herpes simplex keratitis (HSK) according to corneal sensation loss classification. Error bars represents standard error from the mean. *p<0.05 compared to control group. Statistical analysis by ANOVA: (analysis of variance between groups). As the corneal sensation decreases the number of hyperreflective superficial epithelial cells increases significantly. NL:Normal, Sens:Sensation, Sev:Severe. Table 2 Corneal epithelial cell density, morphology and corneal sensation parameters in Herpes Simplex Virus Keratitis, contralateral clinically unaffected eyes, and control groups. 
0%
Values reported as mean ± standard deviation. HSK: herpes simplex keratitis. * Statistically significant (p<0.05) compared to controls.
